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We review CP violation in various extensions of the electroweak sector of the Standard 
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problems of supersymmetry, concerning On and Ek- We critically review the various mech¬ 
anisms that have been suggested to solve these problems: exact universality, approximate 
CP symmetry, alignment, approximate universality and heavy squarks. We explain how 
future measurements of CP violation will test these mechanisms. We describe extensions 
of the quark sector and their implications on CP asymmetries in neutral B decays, on the 
Kl decay and on AT^Bg). We discuss CP violation in charged scalar exchange in 

models with natural flavor conservation and explain how transverse lepton polarization in 
meson decays can probe such models. CP violation in neutral scalar exchange arises in 
models of horizontal symmetries and may be manifest in heavy quark [b and t) physics. 
We describe the implications of Left-Right Symmetric models on On, Ek, CP 

asymmetries in B decays. Finally, we briefly discuss the potential of future measurements 
of CP violation to discover New Physics. 

To appear in the Review Volume “Heavy Flavours II”, eds. A.J. 

Buras and M. Lindner, Advanced Series on Directions in High 

Energy Physics, World Scientific Publishing Co., Singapore. 



1. Introduction 


CP violation is one of the most promising directions in the search for New Physics 
beyond the Standard Model. 

• Experimentally, the Standard Model (SM) pictnre of CP violation has not been 
tested yet. At present, there is only a single (complex) CP violating parameter that has 
been measnred |]l|. This is Ek of the nentral K system. Within the Standard Model, the 
existing measnrements merely hx the valne of the CP violating phase ^km in the Cabibbo- 
Kobayashi-Maskawa (CKM) mixing matrix for quarks |@] but cannot test the prediction 
that 5 km constitutes the only source of CP violation.0 A genuine testing of the KM picture 
of CP violation awaits the building of B factories that would provide a second, independent 
measurement of CP violation ^j. 

• The observed baryon asymmetry of the Universe, if dynamically generated, requires 
that CP is violated [Q. The Standard Model CP violation, closely related to highly sup¬ 
pressed flavor changing processes, fails to produce this asymmetry by many orders of mag¬ 
nitude. (For recent discussions, see ^-0.) In contrast, various extensions of the SM and, 
in particular, models of New Physics close to the electroweak scale, provide new sources 
of CP violation that are large enough to be consistent with the observed asymmetry (for 
a recent review, see [Q). In some models, phases that are large enough to generate the 
baryon asymmetry also induce an electric dipole moment (EDM) of the neutron not far 
below the present experimental bound 00- 

• The QCD lagrangian does allow an additional source of CP violation, that is the 
0QCD parameter. However, an extreme hne-tuning is needed in order that its contribution 
to the electric dipole moment of the neutron does not exceed the experimental upper 
bound. Various mechanisms that go beyond the SM, e.g. a Peccei-Quinn symmetry, 
spontaneous CP violation, or a vanishing mass of the up quark, may solve the problem. 

• Almost any extension of the SM has, in general, new CP violating phases. 

In this review we describe various extensions of the Standard Model and their implica¬ 
tions on CP violation. We do not discuss in any detail either baryogenesis or the strong CP 

^ A large value of ek would be inconsistent with the SM. However, any value \eK\ < 0(10“^) 
can be accommodated. 
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problem. Instead, we focus on extensions of the electroweak sector and their implications 
for the EDM of the neutron which, if measured in the foreseeable future, will clearly signal 
New Physics, and for CP violation in neutral meson mixing which, in some cases, is free 
from hadronic uncertainties and therefore could distinguish between Standard Model and 
New Physics contributions. 

In section 2 we give a detailed and critical discussion of CP violation (and flavor 
problems) in Supersymmetry. We describe the supersymmetric CP problem, that is the 
generically too large supersymmetric contributions to the electric dipole moment of the 
neutron, and the supersymmetric Ek problem. We present hve classes of supersymmetric 
models that solve or relax these problems: exact universality, approximate CP symmetry, 
alignment, approximate universality and heavy squarks. We explain how future measure¬ 
ments of CP violation will test these models. 

Section 3 is devoted to extensions of the fermion sector. In particular, we consider 
additional S'17(2)-singlet down quarks. Our emphasis here is on CP asymmetries in neutral 
B decays into hnal CP eigenstates. These can be dramatically modihed in such extensions. 
For certain decay modes, the measurement of the asymmetries can cleanly determine the 
relevant parameters of the extended sector. We also discuss the decay ^ ttz/z/ and CP 
violation in the width difference Ar{Bs). 

In section 4 we discuss extensions of the scalar sector. A model of spontaneous CP 
violation and Natural Flavor Conservation (NFC), where CP violation arises from charged 
scalar exchange only, provides us with an example of how CP violation can actually rule 
out various extensions of the Standard Model. We also explain how CP violation in charged 
scalar exchange may affect transverse lepton polarization. Then we discuss CP violation in 
neutral scalar exchange in models where approximate flavor symmetries (invoked to explain 
the smallness of the quark and lepton masses and mixing) replace NFC in suppressing flavor 
changing neutral current (FCNC) processes. We hnally describe the idea of superweak CP 
violation with emphasis on the fact that it refers to many different types of models. 

In section 5 we briefly discuss an extension of the gauge sector. We describe a Left- 
Right Symmetric model (LRS) where CP is spontaneously broken. We argue that, when 
CP violation arises in non-horizontal gauge interactions, the effects in the B system are 
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likely to be small. 

Our conclusions are given in section 6 , where we present the various future measure¬ 
ments of CP violation with emphasis on their potential to discover effects of New Physics. 


2. Supersymmetry 


A generic supersymmetric extension of the Standard Model contains a host of new 


flavor and CP violating parameters (for reviews on supersymmetry see refs. [1TT| - |14| ). The 
requirement of consistency with experimental data provides strong constraints on many of 
these parameters. For this reason, the physics of flavor and CP violation has had a profound 
impact on supersymmetric model building. A discussion of CP violation in this context 
can hardly avoid addressing the flavor problem itself. Indeed, many of the supersymmetric 
models that we analyze below were originally aimed at solving flavor problems. 

As concerns CP violation, one can distinguish two classes of experimental constraints. 
First, bounds on nuclear and atomic electric dipole moments determine what is usually 
called the supersymmetric CP problem. Second, the physics of neutral mesons and, most 
importantly, the small experimental value of Ek pose the supersymmetric Ek problem. In 
the next two subsections we describe the two problems. 

In most of the literature, solutions to these two problems are discussed separately. We 
believe, however, that since they represent the same issue, i.e. the origin of CP violation, 
and since, in general, the mechanisms that solve them can be classihed in similar ways, 
they should be discussed together to get the appropriate picture of SUSY CP violation. 
Thus, we analyze in turn hve classes of supersymmetric models and all aspects of CP 
violation for each of them. 

Before turning to a detailed discussion, we dehne two scales that play an important 
role in supersymmetry: A 5 , where the soft supersymmetry breaking terms are generated, 
and Ai?, where flavor dynamics takes place. When Kp ^ A 5 , it is possible that there 
are no genuinely new sources of flavor and CP violation. This leads to models with exact 
universality, which we discuss in section 2.3. When Kp <As, we do not expect, in general, 
that flavor and CP violation are limited to the Yukawa matrices. One way to suppress 
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CP violation would be to assume that CP is an approximate symmetry of the full theory 
(namely, CP violating phases are all small). We discuss this scenario in section 2.4. Another 
option is to assume that, similarly to the Standard Model, CP violating phases are large, 
but their effects are screened, possibly by the same physics that explains the various flavor 
puzzles. Such models, with Abelian or non-Abelian horizontal symmetries, are described 
in sections 2.5 and 2.6, respectively. Finally, it is possible that CP violating effects are 
suppressed because squarks are heavy. This scenario is discussed in section 2.7. 


2.1. The Supersymmetric CP Problem 


One aspect of supersymmetric CP violation involves effects that are flavor preserving. 
Then, for simplicity, we describe this aspect in a supersymmetric model without additional 
flavor mixings, i.e. the minimal supersymmetric standard model (MSSM) with universal 
sfermion masses and with the trilinear SUSY-breaking scalar couplings proportional to 
the corresponding Yukawa couplings. (The generalization to the case of non-universal soft 
terms is straightforward.) In such a constrained framework, there are four new phases 
beyond the two phases of the Standard Model (^km and 6>qcd)- One arises in the bilinear 
/r-term of the superpotential, 

W = (2.1) 


while the other three arise in the soft supersymmetry breaking parameters (the gaugino 
mass), A (the trilinear scalar coupling) and mf 2 (the bilinear scalar coupling): 

= -\mgr9 - A{Y^QHuU - V^QHdd- Y^LHd) - + h.c., (2.2) 

where g are the gauginos and Y are Yukawa matrices. Only two combinations of the 
four phases are physical [|T^. This can be easily shown by following the discussion of ref. 
|T^ . In the absence of (^TTI) and (|2.2|), there are two additional global U{1) symmetries 
in the MSSM, an R symmetry and a Peccei-Quinn symmetry. This means that one could 


treat the various dimensionful parameters in (^^) and (|2.2|) as spurious which break the 
symmetries, thus deriving selection rules. The appropriate charge assignments are: 


mg A m 


U{l)pQ 0 
U{l)n -2 


0 


12 h 
2 -2 

2 0 


Hd Qu Qd U 
1 1 - 1-1 -1 
11111 


(2.3) 
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Physical observables can only depend on combinations of the dimensionful parameters 
that are neutral under both [/(l)’s. There are three such independent combinations: 
mgfi{mi 2 )*, A*mg. However, only two of their phases are independent, say 

(j)A = arg(H*mg), (t)B = wg{mgii{m\ 2 )*)- (2.4) 


In the more general case of non-universal soft terms there is one independent phase (pAi 
for each quark and lepton flavor. Moreover, complex off-diagonal entries in the sfermion 
mass matrices may represent additional sources of CP violation. 

The most signihcant effect of (pA and cpB is their contribution to electric dipole mo¬ 
ments (EDMs). For example, the contribution from one-loop gluino diagrams to the down 
quark EDM is given by mm-- 


dd = Md 


ISTrm^ 


{\Amg \ sin(/)^ -|- tanI3\nmg \ sin(/)B), 


(2.5) 


where we have taken ttiq ~ ~ m? ~ m^, for left- and right-handed squark and gluino 

masses. We dehne, as usual, tan (3 — {H^) /{Hd) ■ Similar one-loop diagrams give rise to 
chromoelectric dipole moments. The electric and chromoelectric dipole moments of the 


light quarks (n, d, s) are the main source of djv (the EDM of the neutron), giving [|W| 

TOO GeV\^ 


dN 


m 


■) 


sin (pA,B X 10 


-23 


e cm 


( 2 . 6 ) 


where, as above, m represents the overall SUSY scale. The present experimental bound, 
djv < 1-1 X 10“^®ecm [^pT| , is then violated for 0(1) phases, unless the masses of 
superpartners are above 0(1 TeV). Alternatively for light SUSY masses, the new phases 
should be < 0(10“^). Notice however that one may consider the actual bound weaker than 
this, due to the theoretical uncertainty in the estimate of the hadronic matrix elements 
that lead to eq. (|2.6|) (see ref. p2|] for a recent discussion of possible cancellations among 
the contributions to djv in the case of a universal (Pa)- With this caveat, whether the 
phases are small or squarks are heavy, a hne-tuning of order 10“^ seems to be required, in 
general, to avoid too large a dvr. This is the Supersymmetric CP Problem [|T7| - p!8| , |2^ - p^ . 

In addition to d^r, the SUSY CP phases contribute to atomic and nuclear EDMs (see 
a detailed discussion in ref. [M). The former are also sensitive to phases in the leptonic 
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sector. The latter give additional constraints on the quark sector phases. For instance, the 
bound on the nuclear EDM of is comparable to the one given by d^. In practice, 

these additional bounds on SUSY CP phases are not stronger than those from dN (at least 
in the quark sector). However, since there are signihcant theoretical uncertainties in the 
calculation of nuclear EDMs, it is important to measure as many as possible of them to 
obtain more reliable bounds. 


2.2. The Supersymmetric Sk Problem 


The contribution to the CP violating ek parameter in the neutral K system is domi¬ 
nated by diagrams involving Q and d squarks in the same loop |]25| - |^ . The corresponding 
effective four-fermi operator involves fermions of both chiralities, so that its matrix ele¬ 
ments are enhanced by 0(mK/ tUs)'^ compared to the chirality conserving operators. For 
Trig ~ niQ CE mj:) = m (our results depend only weakly on this assumption) and focusing 
on the contribution from the hrst two squark families, one gets (we use the results in ref. 




5 q;| 


Ik^k 


162 v /2 m'^ArriK 


rriK 


rus + ma 


+ 


25 


Im 


(5mQ)i2 (5m|,)i2 


m 


Q 


m 


(2.7) 


D 


where {Suiq ^)i 2 are the off diagonal entries in the squark mass matrices in a basis where 
the down quark mass matrix and the gluino couplings are diagonal. These flavor violating 
quantities are often written as (5 toq £,)i 2 = V^’^Sttiq , where Sttiq ^ is the mass 

splitting among the squarks and are the gluino coupling mixing matrices in the mass 

eigenbasis of quarks and squarks. Note that CP would be violated even if there were two 
families only |^]. There are also contributions involving the third family squarks via the 
(13) and (23) mixings. In some cases the third family contribution actually dominates. 
Using the experimental value of Ek, we get the constraint 


/300 GeV^ 

2 

{5mQ)i2 (5m|,)i2 

V rh y 

} 

ml 


sine/) < 0.5 X 10 


-7 


( 2 . 8 ) 


where (j) = aTg{{dmQ)i 2 {Sm‘j^) 12 ). In a generic supersymmetric framework, we expect 
m = 0{mz), dmQ jy/rriQ jy = 0{1), = 0{1) and sinej) = 0{1). Then the constraint 
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( p.8|) is generically violated by about seven orders of magnitude. Four-fermi operators 
with same chirality fermions give a smaller effect. The resulting e^-bounds are therefore 
somewhat weaker: 


300 GeV\ 


Im 


(Sml) 


gii2 


ruQ ) 

and similarly for the right handed squarks. 


m 


Q 


< 10 


-6 


(2.9) 


2.3. Exact Universality 

Both supersymmetric CP problems are solved if, at the scale Ag, the soft supersym¬ 
metry breaking terms are universal and the genuine SUSY CP phases (j)A,B vanish. Then 
the Yukawa matrices represent the only source of flavor and CP violation which is relevant 
in low energy physics. This situation can naturally arise when supersymmetry breaking 


is mediated by gauge interactions at a scale As A.p []^M - In the simplest scenarios, 

the A-terms and the gaugino masses are generated by the same SUSY and breaking 

source (see eq. (|2.3D ). Thus, up to very small effects due to the standard Yukawa matrices, 
arg(A) = arg(mg) so that (pA vanishes. In specihc models also (ftp vanishes in a similar way 
It is also possible that similar boundary conditions occur when supersymmetry 
breaking is communicated to the observable sector up at the Planck scale [^5|]39[] . The 
situation in this case seems to be less under control from the theoretical point of view. 
Dilaton dominance in SUSY breaking, though, seems a very interesting direction to explore 

mM- 


The most important implication of this type of boundary conditions for soft terms, 
which we refer to as exact universality [^2]-^, is the existence of the SUSY analogue of the 
CIM mechanism which operates in the SM. The CP violating phase of the CKM matrix 
can feed into the soft terms via Renormalization Croup (RG) evolution only with a strong 
suppression from light quark masses . 

With regard to the supersymmetric CP problem, gluino diagrams contribute to quark 
EDMs as in eq. (|2.5|) , but with a highly suppressed effective phase, e.g. 


4 > a . ~ ((s/167r2)‘‘y*lf If J. 


( 2 . 10 ) 
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Here ts = \og{Ks/Mw) arises from the RG evolution from Ag to the electroweak scale, the 
Yi^s are quark Yukawa couplings (in the mass basis), and J = lm{VudVtbV*fjV*^) ~ 2 x 10“^ 
is the invariant measure of CP violation in the CKM matrix A similar contribution 
comes from chargino diagrams. The resulting EDM is < 10“^^ e cm. This maximum 
can be reached only for very large tan/3 ~ 60 while, for small tan/3 ~ 1, dw is about 
5 orders of magnitude smaller. This range of values for dw is much below the present 
(~ 10“^^ e cm) and foreseen (~ 10“^^ e cm) experimental sensitivities. The smallness 
of these contributions has been recently emphasized in ref. [^, by using the spurionic 
analysis of ref. |T^ which keeps the GIM mechanism manifest. (For previous numerical 
estimates of the effective phases, see refs. P6| - ^ .) 

With regard to the supersymmetric Ek problem, the contribution to Ek is propor¬ 
tional to Im(lAdR^*)^Y/(t5/167r^)^, giving the same GIM suppression as in the SM. This 
contribution turns out to be small. Using the result in Ref. , we get 


uSUSYi 
\^K \ 


6 X 10' 


6 

rjRe(l/MV',*)l 

■300GeV 

2 r 


10-8 

m 



ln{As/mw) 


( 2 . 11 ) 


The value ts = 5 is typical to gauge mediated supersymmetry breaking, bnt (|2.11| ) remains 
negligible for any scale As < Mp\ (namely ts Y 35). The snpersymmetric contribution to 
D — D mixing is similarly small and we expect no observable effects. 

For the and Bg systems, the largest SUSY contribution to the mixing comes from 
box diagrams with intermediate charged Higgs and the up quarks. It can be up to 0(0.2) 
of the SM amplitude for As = Mp\ and tan/3 = 0(1) |@, and much smaller for large 
tan j3. The contribntion is smaller in models of gauge mediated SUSY breaking where the 
mass of the charged Higgs boson is typically > 300 GeV and ~ 5. The SUSY 
contributions to BgBg and BaBa mixing are, to a good approximation, proportional to 
{VtbV^gY respectively, like in the SM. Then, regardless of the size of these 

contributions, the relation Ams^/Ams^ ~ \Vtd/Vts\'^ and the GP asymmetries in neutral 


B decays into hnal GP eigenstates are the same as in the SM. 


2.4- The Non-Universal Case: Approximate CP Symmetry 

Both snpersymmetric GP problems are solved if GP is an approximate symmetry, 
broken by a small parameter of order 10“^. This is one of the possible solutions to GP 





















problems in the class of supersymmetric models with Ap < As, where the soft masses are 
generically not universal, so that we do not expect flavor and CP violation to be limited to 
the Yukawa matrices.! Most models where soft terms arise at the Planck scale {As ~ Mpi) 
belong to this class. 

In order to have a successful mechanism to screen CP violating phases, a theory or a 
set of assumptions on the origin of CP violation is needed. Such a theory has to be able 
to reproduce the only well established evidence of CP violation in experimental data, Ek, 
without affecting in an unacceptable way all the other CP odd observables. On this point, 
supersymmetric models (as many other extensions of the standard model) provide us with 
two radically different possibilities. A hrst, perhaps reactionary, (as dubbed in ref. |]50 


m 


the context of multi-Higgs models) point of view is that the CKM picture of CP violation 
is incorrect, i.e. that Ek "C 1 not because of the smallness of mixing angles and quark 
mass differences (GIM), but just because CP odd phases happen to be small wherever they 
appear. In other words, CP is an approximate symmetry of the full theory, not just of the 
standard model sector. (The second point of view is described in the next two sections.) 

If CP is an approximate symmetry, we expect also the SM phase ^km to be 1. Then 
the standard box diagrams cannot account for ek which should arise from another source. 
In supersymmetry with non-universal soft terms, the source could be diagrams involving 
virtual superpartners, mainly squark-gluino box diagrams. Let us call the 

supersymmetric contribution to the K — K mixing amplitude. Then the requirements 
Re(M/|)®’^®^ < Atuk and Im(M/|)®^®^ ~ ekAuik imply that the generic CP phases 
are > 0{ek) ~ 10“^. 

Of course, dw constrains the relevant CP violating phases to be < 10“^. If all phases 
are of the same order, then must be just below or barely compatible with the present 
experimental bound. A signal should dehnitely be found if the accuracy is increased by 
two orders of magnitude. 

The main phenomenological implication of these scenarios is that CP asymmetries in 
B meson decays are small, perhaps 0{ek), rather than 0(1) as expected in the SM. 


^ Of course, some mechanism has also to suppress the real part of the AS = 2 amplitude by a 
sufficient amount. 
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Large deviations from the SM are also possible in e' je. Indeed, as can be inferred from 
ref. 1^^, when CP violation appears mainly in the diagonal blocks of the sqnark mass- 
squared matrices, the constraint from sk implies s' je < 10“^. When there is considerable 
CP violation also in A-terms or gaugino masses s' je can be larger. 

Ref. presents an interesting attempt to naturally generate an approximate CP 
symmetry: CP is spontaneously broken in a sector of heavy fermions in vector represen¬ 
tations of SU{3) X SU{2) X 17(1), and is transmitted to the MSSM only via radiative 
corrections. The only resulting observable phases then appear in gaugino masses and are 
of order for gluinos and for winos. So all CP violating effects are suppressed 

by a/dTT, which seems very promising.i However, in order to reproduce the correct value 
of Ek-, this model needs rather large H-terms, Af 2 ^ AYsiri (the naive expectation in most 
flavor models would be Af 2 ~ OcYgAi where 6c ~ 0.2 is the Cabibbo angle). The resulting 
contribution to EDMs depends on the flavor structure of the H-terms and could be large 
even for small (j)A- Such a large Af 2 also leads to e'/e > 3 x 10“^, barely compatible with 
present bounds. 


2.5. The Non-Universal Case: Approximate Abelian Horizontal Symmetries 

For supersymmetric models with Ap < As, where there are genuine supersymmetric 
sources of flavor and CP violation, one can still take a point of view that is very different 
from the one described in the previous section: The CKM picture of CP violation is 
the correct one, whereby Ek ~ 10“^ results from small flavor mixings rather than small 
phases in the individual Lagrangian parameters. We now expect 0{1) phases, so that an 
explanation is needed for the absence or smallness of the new supersymmetric contribution 
to Ek and to the EDMs. Therefore, mechanisms to suppress FCNC and to screen the CP 
phases in the soft SUSY breaking mass terms and in the A terms are required. Abelian 
horizontal symmetries, which are invoked to explain the flavor structure of the observed 
quarks, can provide at the same time CP screening mechanisms that are efficient enough 
to solve both CP problems. 


^ See also ref. [H| which discusses a particular ansatz where CP violation appears only in 
A-terms. 
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With regard to the neutral K system, a possible mechanism to screen the CP violating 
phases in the supersymmetric box diagrams is provided by alignment |]5^ : The squark mass 
matrices have a structure, but they have a reason to be diagonal in the basis set by the 
quark mass matrix. This is achieved in models of Abelian horizontal symmetries |]53| , pl| . 
The symmetry is spontaneously broken by the VEVs of scalar helds {$} (“flavons”), 
producing a small parameter A = Kp which is usually taken to have a value A ~ 0.2. This 
small parameter is responsible for the smallness and hierarchy of quark masses and mixings. 
The solution of the supersymmetric ep problem in this framework makes use of the fact 
that in supersymmetric theories, the Yukawa matrices must be holomorphic functions 
of the flavon helds {$}. By assigning appropriate 7-f-charges to the quark superhelds, 
holomorphy dictates that the 2x2 down Yukawa sub-matrix is diagonal in the havor basis, 
i. e. the basis where the quark helds have dehnite Ti charges. Then the only supersymmetric 
contributions to K — K mixing arise directly via the (12) entries in uiq ^ and, indirectly, 
via the third family. The left hand side of eq. (|2.8D is of order A^^ ~ 10“®, consistent with 
the bound. 

A solution which does not require much universality is also provided by the dynamical 
mechanism suggested in ref. (see also Ref. for a more critical discussion). There 
the soft terms correspond to helds that are free to have diherent orientations in havor 
space. Their expectation value is dynamically determined by the only source of “explicit” 
havor violation which is assumed to be relevant, the Yukawa matrices. Then all SUSY 
induced CP violating ehects end up being proportional to J ~ 2 x 10“^. Moreover these 
ehects appear without additional suppression only in operators that do not involve right 
handed fermions. Thus the leading ehect has to satisfy the weaker bound of eq. (|2.9| ) 
which, with the suppression from J, requires only a mild squark degeneracy. 

An extension of these ideas, aimed at screening the CP phases in the A-terms, is given 
in Ref. 0. Since we do not have universality, the phases (pA are in general diherent for 
each quark havor: 




arg 




( 2 . 12 ) 


(Here, in the dehnition of A, we do not factor out the Yukawa matrices Y, as was done 
instead in the universal case (|2.2|).) In the model of ref. [^, CP is assumed to be a 
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symmetry of the Lagrangian. The flavon helds $ spontaneously break not only Ti but 
also CP. This assumption implies, in particular, that the soft terms, before the breakdown 
of 7Y, can be all made real. Both the Yukawa matrices and A-term matrices are flavon 
dependent and could be complex through their dependence on $. On the other hand, rrig 
is a flavor singlet and therefore real to a very good approximation. A crucial property 
of supersymmetric theories is that both Aq and Yq must be holomorphic functions of the 
flavon helds. Moreover, since Aq and Yq have the same 7i-charges, the dependence on 
$, apart from different (real) numerical coefficients, must be the same. This is the key 
point in solving the SUSY CP problem. Consider indeed a simple one havor case. If 
the combination of horizontal symmetry and holomorphy allows only one combination of 
havon helds to contribute to A and Y, then we have 


Y = ?/$i, A = m$i 


( Tfl 

— ) = 0 , 


(2.13) 


even when is complex {y and m are real parameters according to the assumption of a 
CP conserving Lagrangian). This mechanism would fail if two combinations of helds, 
and $ 2 , contributed: 


Y = yi$i+y2$2, A = mi$i+m2$2 


(pA = arg 


/ mi$i + m2$i 


^0 (2.14) 


V + y2^2 

(for Im($i$ 2 ) 7 ^ 0 and yi/y 2 7^ mijm 2 , which is the general case). This analysis is easily 
generalized to the relevant case where A and Y are 3x3 matrices which have complex 
entries in order to generate a non-zero CKM phase. The result is that SUSY CP phases 
are suppressed when each eigenvalue in Y is determined to high accuracy by just one 
combination of operators (also including contributions from oh-diagonal terms). 

In the model of ref. |^] , as a result of the havor symmetry and holomorphy, the form 
of the quark Yukawa matrices is approximately triangular. The suppression of multiple 
contributions to the eigenvalues is mainly due to that. The ehective phases are C>(A®), 
leading to (In ~ 10 “cm. 

In models of alignment , in order to obtain the Cabibbo angle as experimentally 

measured, it is necessary that the supersymmetric mixing angle between ul — cl is 0{9c)- 
This leads to D — D mixing close to the experimental bound. Furthermore, with an 
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arbitrary new CP violating phase in the mixing matrix, interesting CP violating effects 
are likely to arise, i.e. a different time dependence between the rates of > K^'k~ and 
> K~'k^ ||58||. It is, however, possible that the mechanism that solves the SUSY CP 


problems also constrains the new CP effects in D — D mixing to be negligible (as it is 
indeed the case in the model of ref. |^). 

For the neutral B system the relevant supersymmetric mixing angles are suppressed 
by 0(Vub)- The supersymmetric contribution to B — B mixing can be comparable to 
the SM contribution for squark masses around 300 GeV The crucial difference with 
respect to exact universality does not he, however, in the magnitude of the contributions: 
these may be too small to be clearly signaled in Am b because of the hadronic uncertainties 
(most noticeably in fs)- It lies instead in the fact that the phase of the supersymmetric 
contribution is now generically different from that of the standard lU-boson box diagrams. 
Therefore, in models where Abelian flavor symmetries tame the supersymmetric FCNC, 
large deviations from the SM in CP asymmetries in neutral B decays are possible. 

2.6. The Non-Universal Case: Approximate Non-Abelian Horizontal Symmetries 

In this section, we discuss a mechanism which we call approximate universality, and 
which is mainly devised to solve (though, in most models, it only relaxes) the Ek problem. 
This mechanism is typically associated with models of non-Abelian horizontal symmetries, 
Ti, where quarks of the two light families £t into an irreducible doublet. In the flavor basis 
one expects the splitting among the squarks of these families to be (P($$*/A|,), where $ 
breaks and Ap is the flavor scale. The ratio = $$*/A|n is expected to be of the order 
of some products of CKM mixing angles or light to heavy quark mass ratios (typically 
X 6Q 0.2), leading to a suppression of Ek- 

Let us discuss in more detail this mechanism by focusing on the (1,2) family sector 


61]] . In the flavor basis, the 2x2 Yukawa matrices have the form 
yd = Y. 


yfi yfi 
" \yii 


Y“ = Yr 


yti yh 


(2.15) 


ly’ \y2i 1 

One motivation for models of non-Abelian horizontal symmetries is that they can give 
yi 2 — yii — and yfi ■ Then, since the CKM mixing is mostly generated in the 

down sector, the well known successful prediction |14s| ~ ^,/md/ms is generated. 
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By phase rotations it is always possible to choose yf 2 , y^i real, while yfi and ^“2 rire, 
in general, complex. We dehne then two CP violating phases: 


Im yf^ Im y^^ 

V’n = 


yf2 


(2.16) 


2/122/21 

The phase tl^d is the phase of the d-quark Ynkawa coupling, while 'ipu = arg(Ws). In this 
convention the (charged current) electroweak hamiltonian for kaon decays is complex with 
a phase ijju- In the usual convention, where the electroweak hamiltonian is real, ijju will 
appear in the AS = 2 amplitude. We further dehne the mass-squared splitting between 
the diagonal entries of the squark mass matrices in the havor basis. 


Sq.d = 


(2.17) 


In most models, the dominant supersymmetric contribution to Ek is proportional to 

Imj^-I ^ yf^yiiSQSoi'ipd + i^u)- ( 2 . 18 ) 

[ mg j 

Notice that, generically, 1 / 1 ^ contributes to (2^7, so that we expect < 10“^ independent of 
squark splittings. On the other hand, in the simplest cases, A ~ 0.2 and SqSd ~ ~ 10“^, 

so that eq. (|2.8|) gives a somewhat stronger bound, ipd ^ 10“^. Nonetheless, a mechanism 
to suppress (In will also suppress this contribution to Ek, possibly by a sufficient amount. 
In particular, there are interesting models with y^f" = 0, so that xl^d = 0. With regard to 
xpu: the situation is more problematic. Typically, ^“2 ~ \/'^u/'nic ~ A^ with an arbitrary 
phase, so that = 0{X). This result is actually unavoidable in the interesting class 
of models where the (13) and (11) entries of the Yukawa matrices vanish in the flavor 
basis, leading to the predictions \Vtd/Vts\ — \/md/vtis and \Vuh/Vcb\ — \/mu/me- To 
obtain a large CKM phase, a large tl^u is necessary. Consequently, the e^-bound becomes 
< 10“^ rsj A^. Many simple models {e.g. |]5^ , |62| ) have SqSd ~ A^ which relaxes but 
does not completely solve the Ek problem. A similar situation holds in other models which 
do satisfy SqSd ^ 10“®, but which generate somewhat bigger effects via the mixing with 


where the non-Abelian symmetry does solve the Ek problem completely. 


the third family 


or via 


[(<^”^ 0 ) 12 ] m. There exist however specihe models [p5l-|66| 
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We emphasize, nonetheless, that relaxing (withont completely solving) the problem 
is still nsefnl. Essentially all these models wonld be acceptable if the level of degeneracy 
were a factor of 10 stronger than the naive expectation from 7Y selection rules. It has 
been suggested that a stronger degeneracy may be dynamically induced by RG evolution 
39[] . Gluino dominance in the squark mass evolution is a possible mechanism, since the 


contribution of gluino masses through RG evolution is universal. For ttiq ~ m? at the 
Planck scale, the gluino contribution to the low energy squark mass-squared dominates 
the overall original one by a factor of 6 -h 7. This additional degeneracy is just about 
what is needed. Other possibilities to completely solve the Ek problem in these models, 
without increasing the level of degeneracy, are an approximate GP symmetry (see section 
2.4 above) or heavy squarks (see section 2.7 below). 

We would like to add a few comments on the SUSY GP problem in models with 
approximate universality. The same mechanism of screening discussed in the previous 
section may work for models of non-Abelian symmetries. However, the more constrained 
form of the Yukawa matrices, and in particular the non-zero (12) and (21) entries, generally 
leads to a weaker suppression of SUSY phases H- Gonsider for instance the class of 
models, which includes ref. [^, where the GKM phase originates from some off-diagonal 
entry in the mass matrix which receives contributions from more than one combination 
of flavon helds with a relative non-trivial phase. In general, it can be shown that non- 
universality of A-terms and the requirement of (9(1) GKM phase imply (pA > A® ~ J. The 
minimal result can be reached only if Y 21 is highly suppressed (or vanishing), which can 
be achieved with Abelian flavor symmetries. In models of non-Abelian symmetries, where 
the two light families are in irreducible doublets, one does not expect this suppression of 
Y 21 to hold, so that there are more contributions to the eigenvalues of the light quarks. 
For example, when |Yi 2 | ~ IY 21 I ~ the effective GP phases for light quarks are 

expected to be > A"^. If, in addition, |Yi 3 | ~ IY 31 I, it is difficult to avoid an effective phase 
~ A^, i.e. barely compatible with present bounds (see, for example, ||^ for a discussion 
of GUT scenarios). 

The situation in supersymmetric models without flavor universality is then very in¬ 
teresting. On one side, we should not be surprised that (In lies below the experimental 
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bound. While the models contain new CP violating phases, they also provide a mecha¬ 
nism, directly connected to holomorphy (see eq. (|2.13|) ), to screen the new CP phases. 
On the other side, since 5 km (~ 1) feeds into SUSY phases in a much less suppressed 
way than in the MSSM (see eq. (|2.10|) ), there should be a non-negligible amount of CP 
violation in A-terms. In a large class of models this leads to (In ^ 10“^®e cm, with the 
minimum corresponding to ~ A® and obtained for specihc textures. It is encouraging 
that this minimal (In seems to be within the reach of the next generation of experiments 
(see, for example, [^). While this is about three orders of magnitude below the present 
experimental bound, it is still a few orders of magnitude above the SM value and, for that 
matter, the value in the MSSM with exact universality. 

In models with approximate universality, the expected size of 15 — .D mixing is at least 
2-3 orders of magnitude below the present bound. For processes involving the third family, 
such as B — B mixing, non-Abelian models with the third family in a singlet of Ti have 
signatures similar to those of Abelian models. Therefore, similarly to models of alignment, 
large deviations from the SM in CP asymmetries in neutral B decays are possible. 


2.1. Heavy Squarks 

The Supersymmetric CP problem is solved and the Ek problem is relaxed (but not 
eliminated) if the masses of the hrst and second generations squarks rrii are larger than 
the other soft masses, nil ~ 100 This does not necessarily lead to naturalness 

problems, since these two generations are almost decoupled from the Higgs sector. Explicit 
models are presented in [15^J69| - |70[ . 


Notice though that, with the possible exception of m? , third family squark masses 

OR 

cannot naturally be much above m^. Then for non-zero CP phases in this sector (or for 
<pB ^ one can still generate a sizeable EDM of the neutron via the two-loop induced 


three-gluon operator |^]. Indeed, for a light right-handed sbottom, the contribution to 
(In is about m 


(In 


fimGeVy , .4 


\ J 


(^At X 10" 


e cm. 


(2.19) 


For top squarks, naturalness constrains both stops to be light, but their contribution 
is about an order of magnitude smaller because of the different QCD dressing [[f2| - [f5 . 
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We conclude that, if phases are generically of order one, the main contribution to (In 
comes from the third family and it is roughly at the present experimental bound when 
mr ~ 100 GeV. 

iL,R 

The upper bound from naturalness on the hrst two generations is < 20 TeV for 

low Ag, and even stronger, 2 — 5 TeV, for Ag ~ Mpi [^. When these bounds are taken 
into account, eq. (|2.8| ) is not satished, in general. Combining this scenario with alignment, 
(5mQ £,)i 2 ~ sin6*c' dmQ jy, would solve the Auik problem, but the contribution to Ek 
would still be too large, unless 


Stuq dm 


D 




sind) < 10 


( 2 . 20 ) 


However, this scenario becomes viable when further combined with the approximate uni¬ 
versality of the models with non-Abelian horizontal symmetries. All those models which 
were problematic with light squarks do satisfy the milder eq. (|2.20| ). Notice, though, that 
the universal contribution to squark masses from gluino terms in the RG evolution cannot 
play a signihcant role here. This is because gluino masses affect the stop mass and are 
thus constrained by naturalness to be around the weak scale. 

Models with the hrst two squark generations heavy have their own signatures of CP 
violation in neutral meson mixing . The mixing angles relevant io D — D mixing are 
similar, in general, to those of models of alignment (if alignment is invoked to explain 
ArriK with uiq < 20 TeV). However, as u and c squarks are heavy, the contribution to 
D — D mixing is only about one to two orders of magnitude below the experimental bound. 
This may lead to the interesting situation that D — D mixing will hrst be observed through 
its CP violating part |^. In the neutral B system, 0{1) shifts from the Standard Model 
predictions of CP asymmetries in the decays to hnal CP eigenstates are possible. This 
can occur even when the squarks masses of the third family are ~ 1 TeV |^, since now 
mixing angles can naturally be larger than in the case of horizontal symmetries (alignment 
or approximate universality). 


3. Extensions of the Fermion Sector 

The fermion sector of the Standard Model consists of three generations, with (f = 
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1,2,3) 


Qi(3, 2 )_|_i/ 6, Mi(3, 1)_2/3, (ii(3, 1 )_|_i/ 3, Li(l,2)_i/2, -^^(1, l)+i, (3.1) 

representations of the SU{3) x SU{2) x U{1) gange gronp. It can be extended by either 
a fourth, sequential generation or by non-sequential fermions, namely ‘exotic’ representa¬ 
tions, different from those of (O)-0 Most of our discussion in this chapter is focused on 
non-sequential fermions and their implications on CP asymmetries in neutral B decays. 
(For the general formalism of CP asymmetries in neutral B decays see e.g. |]80| - ^ . For 
model-independent analyses of New Physics effects see [^^ .) The last two sections 
discuss other processes: Kl —^ (with non-sequential quarks) and AF(i?s) (with a 

sequential fourth generation). 


3.1. The Theoretical Framework 


We consider a model with extra quarks in vector-like representations of the standard 
Model gauge group, 

<^ 4 ( 3 , l)_i/3 -|- (i4(3, l)_|_i/3, (3-2) 

Such (three pairs of) quark representations appear, for example, in Eq GUTs. The most 
interesting effects in this model concern CP asymmetries in neutral B decays into hnal CP 
eigenstates We describe these effects in detail as they illustrate the type of new 

ingredients that are likely to affect CP asymmetries in neutral B decays and the way in 
which the SM predictions might be modihed.@ 

The most important feature of this model for our purposes is that it allows CP violating 
Z-mediated Flavor Changing Neutral Currents (FCNC). To understand how these FCNC 
arise, it is convenient to work in a basis where the up sector interaction eigenstates are 


^ The four generation model became rather unlikely in view of the experimental fact that there 
are only three massless (or light) neutrinos from Li representations. However, if neutrinos acquire 
their masses from a see-saw mechanism, and if the scale of right-handed neutrino masses is close 
to the electroweak one, then it is quite possible that a fourth generation neutrino is heavy enough 


to evade experimental and cosmological constraints |^]. 

^ If there exist light up quarks in exotic representations, they may introduce similar, interesting 
effects in neutral D decays 
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identified with the mass eigenstates. The down sector interaction eigenstates are then 
related to the mass eigenstates by a 4 x 4 nnitary matrix K. Charged cnrrent interactions 
are described by 


A”'t + 

J^~ = VijUiL'j'^djL- 

The charged cnrrent mixing matrix C is a 3 x 4 snb-matrix of K: 


(3.3) 


V^j = for t - 1, 2, 3; j = 1, 2, 3,4. (3.4) 

The V matrix is parameterized by six real angles and three phases, instead of three angles 
and one phase in the original CKM matrix. All three phases may affect CP asymmetries 
in decays. Nentral cnrrent interactions are described by 

rf„t = — 

_ J (3,5) 

= - ■^UpqdpL'f^dqL + ^SijUiL'y^UjL- 

The nentral cnrrent mixing matrix for the down sector is 17 = V'^V. As V is not nnitary, 
17 7 ^ 1. In particnlar, its non-diagonal elements do not vanish: 

Upq = -K^pK 4 q for pj^q. (3.6) 

The three elements which are most relevant to onr stndy are 

Uds = v:^Vus + + v:,vts^ 

Udb = (3.7) 

Usb - + vzvtB. 

The fact that, in contrast to the Standard Model, the varions Upq do not necessarily 
vanish, allows FCNC at tree level. This may snbstantially modify the predictions for CP 
asymmetries. 


3.2. Implications of Z-Mediated FCNC 

The flavor changing conplings of the Z contribnte to varions FCNC processes. Rele¬ 
vant constraints arise from semileptonic FCNC B decays: 

I'iB ^ iiX)z ■ 2 a \2 t (n ■ 2 a ^21 (o Q\ 

T(B e^X) = 1 ‘ ’ 
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where Fpg ~ 0.5 is a phase space factor, £ is any of Ui {i = 1,2,3), e~ or n~, T 3 = 
+l/2[—1/2] and Q = 0[—1] for i'i[£~]. The experimental upper bounds [p6| - p8| and, in 
particular, a preliminary DO result |^], BR(i? —< 3.6 x 10“®, imply then 


Udb 

Vcb 


< 0.04, 


Usb 


< 0.04. 


(3.9) 


Additional constraints come from neutral B mixing: 


{xd)z 


V^GpBBfBMBVBTb.j-j |2 
-E- Fdb\ 


(3.10) 


The resulting bound is sensitive to the range taken for the poorly known parameter Jb- It 
is of order \Udb\ ^ 10 “^ which is comparable to (|3.9|) . As for Xg, only lower bounds exist 
and consequently there is no analog bound on \Usb\- 

If the Uqh elements are not much smaller than the bounds (|3.9|) , they will affect several 
aspects of physics related to CP asymmetries in B decays. 

(i) Neutral B mixing: 

The experimentally measured value of Xd (and the lower bound on Xg) can be explained 
by Standard Model processes, namely box diagrams with intermediate top quarks. Still, 
the uncertainties in the theoretical calculations, such as the values of Jb and Vtd (and the 
absence of an upper bound on Xg) allow a situation where SM processes do not give the 
dominant contributions to either or both of Xd and Xg- For example, for mt ~ 180 GeV, 


{xd)ho^ = 0.17 


^/BbIb 

2 p 

0.14 GeV 



n\Vcb\‘^ 


\Vtd/Vcb\ 

0.12 


(3.11) 


3.5 X 109 GeV-\ 

namely, the Standard Model box diagrams could account for as little as 25% of the exper¬ 
imental value of Xd, and even less if the unitarity of the CKM matrix does not hold, in 
which case the lower bound \Vtd/Vcb\ > 0.12 can be violated. 

The ratio between the Z-mediated tree diagram and the Standard Model box diagram 
is given by {q = d, s) 


(^g)tree 


A/27r^ 


U, 


qb 


yt<iy:b 


80 


U, 


qb 


y,yti 


(3.12) 


(3^(j)box GFrn^ytf2{yt) 

From ( b.9|) and (p.l2|) we learn that the Z-mediated tree diagram could give the dominant 
contribution to Xd but at most 0 ( 0 . 1 ) of Xg. 
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(ii) Unitarity of the 3x3 CKM matrix. 

Within the SM, unitarity of the three generation CKM matrix gives: 


Uds ^ v:aVus + + v:aVu = 0 , 

V:iV^ + V:iVa, + V;iVa = 0, (3.13) 

U.I, = V:,Vut + V:,Va, + V;,Va = 0. 

Eq. (p77|), however, implies that now (|3.13|) is replaced by 

Uds = Uds, Udb = Udin Ush = Ush- (3-14) 


A measure of the violation of ( p.l3|) is given by 


Uds 


VudV:, 


< 5 X 10 


-4 


Udb 


VtdV* 


< 0.3, 


u. 


sb 




< 0.04. 


(3.15) 


The bound on \Udb/VtdV^*fj\ is even weaker if \Vtd\ is lower than the three generation uni¬ 
tarity bound. The bound on \Uds\ follows from the experimental values of (or bounds 


on) br(a:+ 


TC~^UU 


), eK and BR{Kl —> ) that we present later. The hrst of the 


SM relations in (|3.13|) is practically maintained, while the second can be violated by at 
most 5%. However, the Udb = 0 constraint may be violated by 0(0.3) effects. The Stan¬ 
dard Model unitarity triangle should be replaced by a unitarity quadrangle. A geometrical 
representation of the new relation is given in hg. 1. 



Figure 1. The unitarity quadrangle 
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It should be stressed that, at present, only the magnitudes of Udb and Ugb are con¬ 
strained. Each of the phases a and P, 


(3.16) 

could be anywhere in the range [0, 27r]. 

(iii) Z-mediated B decays. 

Our main interest in this chapter is in hadronic decays to CP eigenstates, where 
the quark sub-process is 6 ^ UiUidj, with Ui — u,c and dj = d, s. These decays get new 
contributions from Z-mediated tree diagrams, in addition to the standard kP-mediated 
ones. The ratio between the amplitudes is 


Aw 



1 - 

TJ* 

1_ 

V- -V* 

^1-J ^ib 


(3.17) 


We hnd that the Z contributions can be safely neglected in 6 —> ccs ( < 0.013) and b —>■ ccd 
( < 0.06). On the other hand, it may be signihcant in 6 —uud ( < 0.25), and in processes 
with no SM tree contributions, e.g. b —> sss, that may have comparable contributions 
from penguin and Z-mediated tree diagrams. 

(iv) New contributions to ri 2 {Bq) 

The difference in width comes from modes that are common to Bq and Bq. As dis¬ 
cussed above, there are new contributions to such modes from Z-mediated FCNC. However, 
while the new contributions to Mw are from tree level diagrams, i.e. 0{g‘^), those to ri 2 
are still coming form a box-diagram, i.e. 0{g'^). Consequently, no signihcant enhancement 
of the SM value of ri 2 is expected, and the relation ri 2 -C M 12 is maintained.!! 


3.3. CP Asymmetries in B Decays 


The fact that Mi 2 {B^) could be dominated by the Z-mediated FCNC together with 
the fact that this new amplitude depends on new CP violating phases means that large 
deviations from the Standard Model predictions for CP asymmetries are possible. As 


The new contribution could significantly modify the leptonic asymmetry in neutral B decays 


|100|, though the asymmetry remains small. 
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ri 2 -C Mi 2 is maintained, future measurements of certain modes will still be subject to a 
clean theoretical interpretation in terms of the extended electroweak sector parameters. 
Let us assume that, indeed, M 12 is dominated by the new physics.0 Then 


p 

?/ B 


U, 


db 




(3.18) 


We argued above that b —> ccs is still dominated by the W mediated diagram. Furthermore, 
the hrst unitarity constraint in (|3.13|) is practically maintained. Then it is straightforward 
to evaluate the CP asymmetry in B ^ 'il^Ks- We hnd that it simply measures an angle of 
the unitarity quadrangle of hg. 1 : 


acp{B ^ 'ipKs) — — sm2l3. (3.19) 

The new contribution to 6 —ccd is 0(5%), which is the same order as the SM penguins and 
the expected experimental sensitivity. So we still have (taking into account CP-parities) 


acp{B iiKs) ^ -acp{B ^ DD). 


(3.20) 


Care has to be taken regarding b —> uud decays. Here, direct CP violation may be large [p5| 


and prevent a clean theoretical interpretation of the asymmetry. Only if the asymmetry is 
large, so that the shift from the Z-mediated contribution to the decay is small, we get 


acp{B —>• tttt) = — sin 2 Q;. 


(3.21) 


The important point about the modihcation of the SM predictions is then not that the 
angles cr, (3 and 7 may have very different values from those predicted by the SM, but 
rather that the CP asymmetries do not measure these angles anymore. As there are 
no experimental constraints on a and /3, the full range [— 1 ,+ 1 ] is possible for each of 
the asymmetries. This model demonstrates that there exist extensions of the SM where 
dramatic deviations from its predictions for CP asymmetries in B decays are not unlikely. 

^ Generalization to the case that the new contribution is comparable to (but not necessarily 
dominant over) the Standard Model one is straightforward [pT|. 
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Another interesting point concerns Bg decays. As Bg — Bg mixing as well as the 
h CCS decay are dominated by the SM diagrams, we have, as in the SM, 


acp{Bg 'i/jcj)) ^ 0 . 


(3.22) 


As shown in ref. |^], this is a sufficient condition for the angles extracted from B —> 'ifjKs, 
B ^ 71% and Bg —> pKs to sum up to tt (up to possible effects of direct CP violation). 
This happens in spite of the fact that the first two asymmetries do not correspond to /3 
and a of the unitarity triangle. 

3.4- The Kl —^ ttz^z^ Decay 

Kl ^ TTiyp is dominated by CP violating effects ||lUl||.i In the SM, the decay amplitude 


is dominated by top penguin and box diagrams and can be calculated with very little 
theoretical uncertainties ||103||. It then provides a clean measurement of the CP violating 


measure J and, together with of the angle j3 [p.04|| . Studies of New Physics 

effects on this decay can be found in ||105| , |106|| . Below we present a model independent 
formalism to analyze this mode and explain why it is a manifestation of CP violation in 
interference between mixing and decay (which is the reason for its theoretical cleanliness). 

In the neutral K system, the deviation of \q/p\ from unity is experimentally measured 
(by the CP asymmetry in Kl ^ rrii/) and is (P(Re Sk), that is negligibly small for the 
purposes of this section. For \q/p\ = 1, the time dependence of an untagged sample of K 
mesons to decay into a CP eigenstates f{— Tr^uh) is given by m 


r [/ (t)] = 


where we define 


(1 + |Ap) + 2ReA 


p A 




(3.23) 


(3.24) 


The amplitude A{A) is the K^{K^) f transition amplitude. The deviation of the ratio 
AjA from unity is also negligibly small. Since there is only one neutral hadron at the 


Significant CP conserving contribntions can arise if lepton flavor is violated. Otherwise, CP 


conserving contributions are highly suppressed |102|. 
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final state, there is no final state interaction phase. An absorptive phase can come from 
diagrams with two real intermediate pions, like those arising at higher order in chiral 
perturbation theory, and is negligibly small [p.08|| . Therefore, it is safe to assume that 
|A| = 1 to an excellent approximation, and the leading CP violating effect is then ImA 7 ^ 0, 
namely interference between mixing and decay. 

Dehning 6 to be the relative phase between the K — K mixing amplitude and the 
s —> di'i' decay amplitude, namely A = we get from (|3.23|) : 

T{Kl ^ 1 —cos 26* 


= tan 9. 


(3.25) 


T{Ks ^ 1 +cos 26* 

This ratio measures 9 without any information about the magnitude of the decay ampli¬ 
tudes. In practice, however, it will be impossible to measure r(A 5 —> We can use 

the isospin symmetry relation, A(K^ /A{K^ 7 r"'“z/P) = 1/a/2, and replace the 

denominator by the charged kaon mode: 


acp = 


T(Kl ^1 —cos26* . 2/1 

“ = ri.,-;- = Vis sm 9, 


(3.26) 


T{K+ TT+pi?) 2 

where = 1.048 is the isospin breaking factor ||109|| . The ratio (|3.26| ) may be experi¬ 
mentally measurable, as the relevant branching ratios are 0(10“^®) in the SM and even 
larger in some of its extensions. It will provide us with a very clean and model independent 
measurement of the CP violating phase 9. 

New Physics can modify both the mixing and the decay amplitudes. The contribution 
to the mixing can be of the same order as the SM one. However, ek — (P(10“^) implies 
that any new contribution to the mixing amplitude carries the same phase as the SM one 
(to 0(10“^)). On the other hand, the upper bound ||11U| 


TT^iyu) < 2.4 x 10 


-9 


(3.27) 


which is about 30 times larger than the SM prediction [p.04|| , allows New Physics to domi¬ 
nate the decay amplitude (with an arbitrary phase). We conclude that the only potentially 
signihcant new contribution to acp can come from the decay amplitude. This is in contrast 
to the clean CP asymmetries in the B system where we expect signihcant effects of New 
Physics only in the mixing amplitude. 
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Z-mediated FCNC provide an explicit example of New Physics that may modify the 
SM prediction for acp of eq. (|3.26| ) [|102|| . Assnming that the Z-mediated tree diagram 
TTuu, we get 0 

1 li~rr- 12 


dominates K - 
T{K+ 


TT ' lyv] 


T{K+ n^e+iy) 


= + ^ \^ds 

ly 

^ y iis 




IK 


(3.28) 
(so that 


r{K+^7r^e+u) 

Here r£, = 0.944 and = 0.901 are the isospin breaking corrections 
'f’is = ratio (p.26|) measures, in this case, sin6* = ImKs/|Ks|- 

Bounds on the relevant couplings come from (where we take into account 

uncertainties from long distance contributions ||111H112(| ), from 7r~^uu (see (|3.8|) and 

( p.27|) ), and from the measurement of Ek Il89| , p^ : 


1^6(17^6)1 < 2 X 10 ^ iKsI < 1-0 X 10 |Re(K6)Ini(17d6)| < 1-3 X 10 


-4 


^-9 


(3.29) 


We learn that large effects are possible. When |Re(17ds)| and |Im(17ds)| are close to their 
upper bounds, the branching ratios BR[K^ 'k^uu) and BR{Kl —> tt^z^P) are both 
0(10“^) and acp of eq. ( |3.26|) is 0{1). Furthermore, as in this case the SM contribution is 
negligible, the measurement of BR[K^ tt+z^P) determines |Ks|, and with the additional 
measurement of BR{Kp —^ tt^z^P), arg(17ds) is determined as well. 

To conclude, in models with lepton flavor conservation, y{k+^^+v^) ^ ^ signihes CP 
violation. The value of this ratio provides a clean measurement of a CP violating phase 
(possibly coming from New Physics). 


3.5. The Bg Width Difference 

In the SM, a large width difference is expected in the Bg system [p.l3H116 

0 . 2 . 


AF 


(3.30) 


New physics can contribute signihcantly to the mass difference. If this contribution is 


CP violating, it leads to a reduction of the width difference ||117|| . Below we explain this 
general result and give an explicit example: the four generation model. 


In general, the width difference is given by (for reviews, see e.g. [^- 

4Re(Mi2Fl2) 


AF = 


AM 


(3.31) 
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The experimental lower bound AM/T > 8.8 [ 118 | implies AM ^ AT and, consequently, 
I-^ 12 1 ^ |ri 2 |- Thus, to a very good approximation, AM = 2|Mi2| and 


AT = 2|ri2| cos2^, 2^ = arg(-Mi 2 r^ 2 )- 


(3.32) 


Under the reasonable assumption that the New Physics does not signihcantly affect the 
leading decay processes, ri 2 is dominated by 6 —> ccs transitions. Consequently, 2^ is the 
relative phase between the mixing amplitude and the b ccs decay amplitude. In the 
SM, 

and then cos 2^ = 1 to a very high accuracy. With new contributions to the mixing ampli¬ 
tude, non-trivial phases may arise, leading to cos 2^ < 1. This proves our statement: New 
CP violating contributions to the mixing always reduce AP relative to the SM prediction. 

As already mentioned, Z-mediated FCNC cannot contribute signihcantly to the Bg 
mass difference. However, the effects discussed above might appear if there exists a fourth 
sequential generation. The CKM matrix is extended to a unitary 4x4 matrix, which can 
be parameterized by 6 angles and 3 phases. There are new contributions to Bg mixing 
from box diagrams involving one or two t'-quarks. There are no experimental constraints 
that forbid the t' contribution to be comparable to or even dominate over the SM one. 
This is the case if \Vt>bVt'g\ is large. 

The relevant effects are related to the modification of the unitarity relation 


E = 0 . 


(3.34) 


where i runs over all up-type quarks. In the SM, the smallness of \V*^Vus\ leads to /3' ~ 0 
(see ( p.33| )). With a fourth generation, the i = c,t,t' terms in ( p.34|) can be all of the 
same order. Then, both the SM phase and the new phase from the t' contribution could 
be large: 


arg 


VtsV,l 


7 ^ 0, arg 




^ 0 . 


(3.35) 


Vt'sV,\, 

Consequently, cos 2^ can assume any value and the Bg width difference can be significantly 
smaller than in the SM. Such a reduction is an indication of CP violation: the large SM 
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prediction for AF is based on the fact that the decay width into CP-even hnal states is 
larger than into CP-odd hnal states. When new CP violating phases appear in the mixing 
amplitude, then the mass eigenstates can differ signihcantly from the CP eigenstates, and 
both mass eigenstates are allowed to decay into the CP-even hnal states. Consequently, 
AF is reduced. 


4. Extensions of the Scalar Sector 


4-1- Charged Scalar Exchange 

When Natural Flavor Conservation (NFC) is maintained CP violation could arise in 
charged scalar exchange if there were at least three Higgs doublets El- This is also the 
minimal number of doublets required when CP breaking is spontaneous only ||120|] . In this 
case, Jkm = 0 and all CP violation comes from the mixing of scalar helds. This model is 
ruled out, as we show below. It is, of course, still a viable possibility that CP is explicitly 
broken, in which case both quark and Higgs mixings provide CP violation. 

We investigate a multi Higgs doublet model (with n > 3 doublets) with NFC and 
assume that it is a diherent scalar that couples to the down, up and lepton sectors: 


-Cy = - — UVMf'^^PR D + ^UM^'^^^VPl D 

Vi “ V2 


4 

V3 


vMiPr I -\- h.c.. 


(4.1) 


where V is the CKM matrix and Pl,r = (1T75)/2. We denote the physical charged scalars 
by {i — 1, 2,..., n — 1), and the would-be Goldstone boson (eaten by the W^) by iF+. 
We dehne K to be the matrix that rotates the charged scalars from the interaction- to the 
mass-eigenbasis. Then the Yukawa Lagrangian in the mass basis (for both fermions and 
scalars) is 


Cy = 


where 


G 


1/2 n -1 


21/4 


Y,{HtU[Y,Mf^WPL + X,VMf^^PR]D + H+V[Z,MePR]i} + h.c., (4.2) 


i=l 


Y, = 


K* 

._iT 

K* ’ 


Y = 


K* 

.FAT 

K* ’ 

^n2 


Y = 


K* 

K* 

^n3 


(4.3) 


CP violation in the charged scalar sector comes from phases in the mixing matrix for 
charged scalars. CP violating effects are largest when the lightest charged scalar is much 
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lighter than the heaviest one |p.21|,122 |. Here we assnme that all but the lightest charged 
scalar (H^) effectively decouple from the fermions. Then, CP violating observables depend 
on three parameters: 

Im(xy*) _ Im(Xiyi*) 


n—1 


rUi 


‘'H 

lm(XZ*) 


m, 


"H 

lm{YZ* 
2 

mi 


m, 


"Hi 

lm{YiZ 


“H 

Im(Xy*) induces CP violation in the quarks sector, while lm(XZ*) and lm(YZ*) give 
CP violation that is observable in semi-leptonic processes. 

As mentioned above, there is an interesting question of whether charged scalar ex¬ 
change could be the only source of CP violation. In other words, we would like to know 
whether a model of extended scalar sector with spontaneous CP violation and NFC is 
viable. It is not clear that the model could account for ek ||123| - |128|| . But if it does, then 
the charged scalar contribution to [p.29|| and, more convincingly, to r(6 —> sy) ||13C1|| are 
too large. We now explain this point in more detail. 

In this framework, neither short distance contributions nor long distance ones from in¬ 
termediate 2% state can produce large enough ek- One needs to assume that the dominant 
contribution comes from an intermediate ryo: 

r0| fti k"0\ 

(4.5) 


i=l 
n — 1 

Y 

i—1 

n—1 

Y 

i=l 


lm(X,Y’) 


™H, 

Im(ViZC) 

Im(yjZ-) 


(4.4) 


m 


Hi 




e^n|4 {K^\H\ijo){vo\H\K^) 

-Im- 


HIk 


m. 


Vo 


\/2XmK 

To account for the numerical value of Ek, the charged scalar parameters should fulhll 

Tv^ i W* ^ Q 

= 0.11 GeV-^. (4.6) 


Im(Ay* 


m 


H 


, mrr 

In—^ 


mt 


With mn > 42 GeV^ this gives 


Im(A:W) > 40. (4.7) 

A large contribution to the EDM of the neutron comes from the EDM of the down 
quark ||129|| : 

^(d) _ , (4-8) 
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with 


9{x) = 


X 




5x _ 3 _ 1 - 3x/2 
4 4 1 — X 


In a; 


(4.9) 


With some conservative assumptions, and using the lower bound (|4.7|) , we get dw ^ 2.5 x 
10“^^ e cm, a factor of 2 above the experimental upper bound. An even larger contribution 
comes through the three gluon operator ||131|| : 


= Ay. 10 


-21 


® ' as{mb) ) \as{mc) ) \as{mN) 


X 


fi's(TOjv) Y 


Im(A:y*)F3 


where 


F3{x) = 


X 


Atc J 

-(—3 + Ax — x‘^ — 21na:). 


m: 


m 


H 


(4.10) 


(4.11) 


4(1 — 

This result, which suffers from large hadronic uncertainties, seems to be about two orders 
of magnitude above the bound. 

The strongest constraint on Im(Wy*), however, comes - somewhat surprisingly - from 


a CP conserving process, the decay b ^ S'j [132 


BR (6 ^ sy) < 4.2 x 10 


-4 


Within our model, this ratio is given by [|129|| : 

BR (6 ^s^)=C\ri 2 + Gwixt) + i\Y\^/3)Gwiyt) + iXY*)GHiyt)f , 


where 


G = 


_ 3arjfBR{B XJu) 


271 Fp,{mll ml) 


3 X 10 


-4 


(4.12) 


(4.13) 


(4.14) 


ps 


0.5 is a phase space factor, rji ~ 0.66 and 172 ~ 0.57 are QCD correction factors 


133|] , xt — ml/m^y, yt = ml/m'jj, and the expressions for the G functions can be found 


m 


129 


The upper bound on Im(Wy*) corresponds to a case where the real part of the new di¬ 
agrams cancels the Standard Model contributions and the upper bound ([4.12|) is saturated 


by the imaginary part of these diagrams ||13C 


Im(AW) < 


4.2 X 10-4 1 


G 


Gniyi) 


(4.15) 
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For rrit ~ 180 GeV, we get 


Im(Xy" 


< 


1.6 ruH 

3.2 niH 


2mz- 


(4.16) 


The upper bound on Im(Xy*) implies that charged scalar exchange can make only 
a negligible contribution to Ek and cannot be the only source of CP violation ||13U|] . A 
detailed investigation shows that, in spite of the fact that charged scalar contributions 
could, in principle, contribute to B — B mixing with new phases, this contribution is 
numerically small and would modify the Standard Model predictions for CP asymmetries 
in B decays by no more than 0(0.02) ||130|| . On the other hand, the contribution to 
can still be close to the experimental upper bound. 


4-2. Transverse Lepton Polarization 


As triple-vector correlation is odd under time-reversal, the experimental observation of 
such correlation would signal T and - assuming CPT symmetry - CP violation.! The muon 
transverse polarization in K ^ n fin decays ||135[ - |140| , and the tan transverse polarization 
in semileptonic heavy quark decays ||141J - |144|] are examples of such observables. The lepton 
transverse polarization cannot be generated by vector or axial-vector interactions only 
1371 , 138 |, so it is particularly suited for searching for CP violating scalar contributions. 


The lepton transverse polarization, P±, in semileptonic decays is dehned as the lepton 
polarization component along the normal vector of the decay plane. 


Sj ■ {pi X Px) 

\pe X Px I 


(4.17) 


where S£ is the lepton spin three-vector and pi (px) is the three-momentum of the lepton 
(hadron). Experimentally, it is useful to dehne the integrated CP violating asymmetry 

acp = {P±) = , (4.18) 

® It is possible to get non-vanishing T—odd observables even without CP violation (see e.g. 
|134| ). Such “fake” asymmetries can arise due to CP conserving unitary phases from final state 
interactions (FSI). They can be removed by comparing the measurements in two CP conjugate 
channels. 
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where r+ (F”) is the rate of hnding the lepton spin parallel (anti-parallel) to the normal 
vector of the decay plane. 

A measnrable non-zero acp will be a clear signal of new sonrces of CP violation 
beyond the SM. The SM predictions and the “fake” asymmetries are mnch smaller than 


the cnrrent experimental sensitivity ||145H148|] . A non-zero acp can arise in onr model 
from the interference between the kF-mediated and the iF"'“-mediated tree diagrams. For 
strange and bottom qnark decays, the asymmetry is given by 

lm{XZ*) 


a-cp = C'l 


ps 


m 


H 


while for charm and top qnark decays, it is given by 

lm{YZ* 


acp = C. 


ps 


m 


(4.19) 


(4.20) 


H 


The Cps factor is different for each decay mode. It depends on the phase space integrals, 
the form factors and masses involved, and has even a mild dependence on XZ* and YZ* 
as they affect the total decay rates. 

To hnd how large can these asymmetries be, we stndy the bounds on the CP violating 
parameters. In the down sector, the strongest bound is obtained from the measurement of 
the inclusive b ^ Xtu decay [|149|| . At the 2cr level it reads ||150| - |153|] : 

lm{XZ* 


< 0.16 GeV 


-2 


m 


H 


For the decay, (|4.21|) implies ||144| , |154| 

acp{K"^ Tr'^/i+i/) < 8 X 10“^, 


(4.21) 


(4.22) 


which is close to the current experimental bound [p.49|| acp{K^ —> < 1.2 X 10-2. 

Since scalars couple more strongly to heavier fermions, the expected signals are stronger 
in heavy quark decays. For inclusive B decays, ([4.2ip implies 


acp{B Xtu) < 0.3. 


(4.23) 


For exclusive B decays ||144|| , the asymmetries are larger but the theoretical uncertainties 
are also larger. The allowed asymmetries for decays into muon are suppressed by m^/mr 
and, in addition, the muon spin is harder to tag. 
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In the up sector, the experimental bound on lm.(YZ*) is just the product of the 
bounds on Y and Z ||156|] . The strongest bound on |y| comes from the measurement of 
Rb = ■ Requiring that the charged Higgs contribution to Rt does not exceed 


Z—»hadrons 

0.003, we get 


|y| ^ 1.2 niH ~ I' 

1.6 iriH ~ 2mz. 


(4.24) 


The charged Higgs contribution is proportional to |Tp, and the full dependence on niH 


can be found in ||157|| . The bound on |Z| comes from lepton universality in tan decay: 


< 1.7 GeV 


-1 


niH 


(4.25) 


For exclusive D decays, ( [4.24| ) and ( |4.25| ) imply that the allowed asymmetries are 
< 0(10“^) [|144|| . For top decays, we get 


dcpit briy) < 4 X 10 


-2 


(4.26) 


Choosing an optimal part of phase space can enhance the signal by a factor of about 5 
s. Since the W is on shell, several other observables can be constructed for top decays 

To conclude: Multi Higgs doublet models can give a measurable signal for transverse 
lepton polarization in iF, B and top decays. Such a signal is a clear indication of New 
Physics. 


4-3. Flavor Changing Neutral Scalar Exchange 


Natural flavor conservation needs not be exact in models of extended scalar sector 158- 


161|| . In particular, it is quite likely that the existence of the additional scalars is related 
to flavor symmetries that explain the smallness and hierarchy in the Yukawa couplings. In 
this case, the new flavor changing couplings of these scalars are suppressed by the same 
selection rules as those that are responsible to the smallness of fermion masses and mixing, 
and there is no need to impose NFC []50| , |162| - pl67|| . An explicit framework, with Abelian 
horizontal symmetries, was presented in ||168|, |5^. (For another related study, see ||169|| .) 
We explain the general idea using these models. 
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The simplest model of ref. ||168 ] extends the SM by supersymmetry and by an Abelian 
horizontal symmetry Ti = U{1) (or Zn). The symmetry Ti is broken by a VEV of a single 
scalar S (to which we attribute charge 7-f(5') = —1) that is a singlet of the SM gauge group. 
Consequently, Yukawa couplings that violate H arise only from nonrenormalizable terms. 
Dehning the relevant sums of Ti charges through 


n^^ = n{Q,)+n{dj)+n{(i)d), 
ni = n{Q,) + n{uj)+n{<p^), 

we hud the following form for scalar-fermion couplings: 

5 


(4.27) 


Cy = Xf, ( ^ 


s \ 


M / \M 


Qidj(pd “ 1 “ ^ij I 71/T ) Qi'^j4^U'} 


(4.28) 


where M is some high energy scale and are 0{1) complex numbers. 0 For a 

singlet VEV (S') -C M, a small parameter A = {S)/M suppresses 77 violating terms. More 
precisely, the effective Yukawa terms. 


Cf = Yf.QdAd + 


(4.29) 


obey selection rules that can be read from (|4.28|) {q = u, d) 


Yd = O 

i-j 


\ n?. 

A 


(4.30) 


Note that each Yukawa coupling is proportional, in addition to the suppression factors 


( [4.30|) , to a complex coefficient of order 1. 

The smallness and hierarchy in the quark (and lepton) masses and mixing arises now 
in a natural way. Explicitly (for i < j): 


Wijl ~ 


miu,)/m{uj) ~ xH{Qi)-HiQ^)+niui)-n{uj)_ 


(4.31) 


10 


In the supersymmetric framework, < 0 implies Xd = 0 due to the holomorphy of the 


superpotential. 
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If, for example, we take A ~ 0.2, then the order of magnitude of the three CKM mixing 
angles and of the six quark masses arise naturally for the following 7Y charge assignments: 


Qi 

Q 2 

Qs 

di 

d2 

ds 

( 3 ) 

( 2 ) 

( 0 ) 

( 3 ) 

( 2 ) 

( 2 ) 

Ui 

U2 

Us 


4>d 

4‘u 

( 3 ) 

( 1 ) 

( 0 ) 


( 0 ) 

( 0 ) 


(4.32) 


(where we took tan/? = {<i>u)/{<i>d) ~ !)■ 

The singlet scalar S has flavor changing couplings, Z^- {q = u, d\ i,j = 1, 2, 3). Their 
magnitude is related to that of the effective Yukawa couplings Y^: 




(^) 


Y-Y 


These couplings contribute, for example, to K — K mixing proportionally to 


(4.33) 


r/d 

^ 12^21 


r\j 


mams 

(S)^ ’ 


(4.34) 


where we used ( [I.30| ), ([4.31|) and (|4.33|) to estimate the magnitude of the flavor changing 
couplings in terms of known quark parameters. 

With arbitrary phase factors in the various couplings, the contributions to neutral 
meson mixing are, in general, CP violating. In particular, there will be a contribution 
to Ek from lm{Zf 2 Z 2 i)- Requiring that the ^'-mediated tree level contribution does not 
exceed the experimental value of Ek gives, for 0{1) phases. 


Ms{S) > 1.8 TeV^. 


(4.35) 


We learn that (for Ms ~ {S)) the mass of the ^'-scalar could be as low as 1.5 TeV, some 
4 orders of magnitude below the bound corresponding to 0{1) flavor changing couplings. 

The flavor changing couplings of the ^'-scalar lead also to a tree level contribution to 
B — B mixing proportional to 

ryd ryd* '>^d'>^b 

^13^31 ~ (4.3d) 

This means that, for phases of order 1, the neutral scalar exchange accounts for at most a 
few percent ot B — B mixing. This cannot be signaled in Aitib (because of the hadronic 
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uncertainties in the calculation) but could be signalled (if (S) is at the lower bound) in 
CP asymmetries in decays. 

Finally, the contribution to D — D mixing, proportional to 


ryu ryu* 
^ 12^21 ~ 


mi.mr 


{sy 


(4.37) 


is below a percent of the current experimental bound. This is unlikely to be discovered in 
near-future experiments, even if the new phases maximize the interference effects in the 
K- decay. 

To summarize, models with horizontal symmetries naturally suppress flavor changing 
couplings of extra scalars. There is no need to invoke NFC even for new scalars at the 
TeV scale. Furthermore, the magnitude of the flavor changing couplings is related to the 
observed fermion parameters. Typically, contributions from neutral scalars with flavor 
changing couplings could dominate Ek- If they do, then a signal at the few percent level 
in CP asymmetries in neutral B decays is quite likely. 


Neutral Scalar Exchange in Top Physies 

It is possible that the neutral scalars are mixtures of CP-even and CP-odd scalar helds 
170H173| , [l21| - p.22|,|158|| . Such a scalar couples to both scalar and pseudoscalar currents: 

Cy = Hj{a{ + ib{-f 5 )f, (4.38) 

where Hi is the physical Higgs boson and a{, b{ are functions of mixing angles in the matrix 
that diagonalizes the neutral scalar mass matrix. (Specihcally, they are proportional to the 
components of, respectively, Re(/)^j and Imc/)^ in Hi.) CP violation in processes involving 
fermions is proportional to a{b{*. The natural place to look for manifestations of this type 
of CP violation is top physics, where the large Yukawa couplings allow large asymmetries 


174|-|182||. Note that unlike our discussion above, the asymmetries here have nothing to 


do with FCNC processes. Actually, in models with NFC (even if softly broken ||158|| ), the 
effects discussed here contribute negligibly to Ek and to CP asymmetries in B decays. 
On the other hand, two loop diagrams with intermediate neutral scalar and top quark 


can induce a CP violating three gluon operator ||Tl| , p.31|| that would give close to the 
experimental bound [|131| , |183| - |185| . 
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^.5. The Superweak Scenario 

CP violation via neutral scalar exchange is the most commonly studied realization of 


the superweak scenario |1^]. The original scenario stated that CP violation appears in 
a new AS = 2 interaction while there is no CP violation in the SM AS = 1 transitions. 
Consequently, the only large observable CP violating effect is while s' je 10 ® and 
EDMs are negligibly small. At present, the idea of “superweak CP violation” refers to 
many different types of models. There are several reasons for this situation: 

(i) The work of ref. [|186 | was concerned only with CP violation in K decays. In 
extending the idea to other mesons, one may interpret the idea in various ways. On one 
side, it is possible that the superweak interaction is signihcant only m. K — K mixing and 
(apart from the relaxation of the e^-bounds on the CKM parameters) has no effects on 
mixing of heavier mesons. On the other extreme, one may take the superweak scenario to 
imply that CP violation comes from AF = 2 processes only for all mesons. 

(ii) The scenario proposed in ||186|| did not employ any specihc model. It was actually 
proposed even before the formulation of the Standard Model. To extend the idea to, for 
example, the neutral B system, a model is required. Various models give very different 
predictions for CP asymmetries in B decays. 

(iii) It is rather difficult to achieve the superweak scenario in a natural way. In partic¬ 
ular, it is difficult to understand why would CP be a good symmetry in one sector of the 
theory but not in another. Consequently, in most models that employ approximate sym¬ 
metries, the CKM phase does not vanish and the resulting CP violation is quite different 
from the original scenario. 

(iv) The question of whether CP violation can occur in AF = 2 transitions only is 
not always well-dehned. When discussing CP violation in the interference of mixing and 
decay, it is a matter of convention to decide whether to put the CP violating phases in 
q/p [AF = 2) or A/A [AF = I) or both. The common use of the term ‘superweak 
CP violation’ refers to a situation where |A/A| = I and there exists a convention where 
AjA = \ for all processes. 

If one extends the superweak scenario to the B system by assuming that there is CP 
violation in Ah = 2 but not in Ah = I transitions, the prediction for CP asymmetries 
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in B decays into final CP eigenstates is that they are eqnal for all hnal states 


Whether these asymmetries are all small or conld be large is model dependent. In addition, 
the asymmetries in charged B decays vanish. 

Varions models (or scenarios) that realize the main featnres of the snperweak idea can 
be found in refs. ||190H19l| , |159| - |16Cl|| . As mentioned above, there is a considerable variation 
in their predictions for s 'and other quantities. Note, in particular, that neither 
a measurement of e' je at the level of 10“'^ nor of djv at the level of 10“^® e cm will 
unambiguously exclude these models. 


5. Left Right Symmetry 

5.1. The Theoretical Framework 


We study a specihc version of Left-Right Symmetric (LRS) models, where P, C and 
CP are symmetries of the Lagrangian that are spontaneously broken ||192| - |197| . The 
electroweak gauge group is SU{2)l x SU{2)r x U{1)b-l- Left-handed quarks reside in 
(5 l( 2, l)i /3 representations and right-handed ones in Qb{1,2)i/^. The scalar content of 
the minimal LRS models is [p.98|| $(2,2)o, Al(3, 1)2 and Afj(l,3)2. A model with only 


minimal scalar sector and spontaneous CP violation predicts unacceptably large FCNC 
199|| . To avoid this, one has to add scalar singlets or triplets but these do not affect 


our analysis. The only specihc assumption about the scalar sector that we make is the 
existence of a single $ held. The VEV of $ is 


(^) (^Q (5-1) 

The relative phase between k and k', ry, spontaneously breaks CP. In principle, it is the 
only source of CP violation. Eventually, there are seven CP violating phases in the mass 
eigenbasis. They all vanish when ry = 0, but practically they are independent parameters. 
The phase rj appears explicitly in the mixing of the charged gauge bosons: 


Wi = cos^ Wl + e-^^ sin^ Wr, 
W2 = - sin^ Wr + cos,^ Wr, 


(5.2) 
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where 


(6.3) 




kk' 

W 


The Yukawa couplings are given by 


Cy = Ql{A^ + Bt2^*T2)Qr + h.c., 


(5.4) 


where T 2 is the Pauli matrix acting in the SU{2)l or SU{2)r space, A and B are matrices 
in generation space. 

P symmetry requires that A and B are hermitian; C symmetry requires that A and 
B are symmetric; and CP invariance implies that A and B are real. The mass matrices, 

Mu =kA + k'e-^^B, 

Md = k'B^A + kB, 

are symmetric. The symmetry of the matrices implies that 


(5.5) 


Vk = F„n-Fj, 


( 6 . 6 ) 


where Vr and Vr are the charged current mixing matrices for Wr and Wr, respectively, 
while Fu and Fd are diagonal unitary matrices: 


Fu = diag(e"‘^“,e"‘^Te*'^‘); Fd = diag(e*'^‘^, 




(5.7) 


On top of the single CP violating phase of the CKM matrix Vr, there are 5 phase differences 
in Fu, Fd. 

For the purpose of studying new contributions to CP violation, it is simpler to work 
in a two generation framework. In this case, Vr is real and there are 3 phases in Fu, Fd- 
We dehne: 

7 - </>d)/2 + r], 

51 ={(j)c- (j)u + (ps - (l)d)/‘2, (5.8) 

5 2 ={<pc — <pu — (ps + </'d)/2. 

Choosing a basis where Vr is real and the mixing of IFl — Wr is real, these phases appear 
in Vr only: 

e~^^^cg e~^^^S0 


Vw={ Vr=( ], Vr^ 

-s^ 


C0 S0 
— S0 C0 


.e^-kS0 


(5.9) 
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5.2. Phenomenological Consequences 


For eki the dominant contribution comes from box diagrams with both Wl and bFjj 
in the loop and from tree level diagrams mediated by the extra Higgs doublet. Wl — Wji 
mixing can be safely neglected. The value of Mi 2 {K) in this model is ||194| , p.97| 




12 


= 1 - [430(3 - 15/31n/? + Q^(11600/3 h - 15/3^ In/^^)] , (5.10) 


where 




m 


Wl 


m 


Ph = 


m 


Wl 


W2 


m 


Q\ = 


HO 


P + k'^ 

’ 


(5.11) 


and we assumed m^o ~ thao ~ mH+- The factor of 430 was hrst calculated in ref. [200 


and it is the product of three smaller numbers: a factor of 2 since two diagrams contribute, 
a factor of 4[ln(m^^/m^) — 1] ~ 28 from loop integration and a factor of 7.6 due to the 
Lorentz structure of the relevant matrix operator. The factor of 11600 arises because 
contributes at tree level. The contribution from the LRS diagrams could easily dominate 
Ek- In order that it does not give a too large contribution, we need 


|/3sin(5i - ^ 2)1 < 10 


-5 


(5.12) 


Note that in order that the real part of the same diagrams does not give a too large Am^, 
we require mw 2 ^ 3.7 TeV and mn > 8.8 TeV. The bound P < 1/430 implies 

^ < 2.2 X 10“^ (5.13) 


The most important LRS contributions to djv arise from quark EDMs. The LRS one- 
loop diagrams involve Wl — Wr mixing and Wn — dR—UiR vertex, so all phases contribute, 
but (7 -|- 5i) which contributes proportionally to nic is the most important one || 201 [ - 1202 || : 

dN ~ 1-5 X 10“^^ ^sin (7 -|- 5i) e cm. (5.14) 

This could easily saturate the experimental bound (even with ^ as small as required by 
( b.l3|) ). In order not to violate the bound, we need 

|^sin (7 + 5i)| < 10“^. (5.15) 
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There are also contributions to (In through the three gluon operator, but these are about 
an order of magnitude smaller |p03| . 

The LRS contribution to s'/e, through tree diagrams involving Wl — Wr mixing, gives 

|T93,|I9|,|01 

\s'/e\ ~ 276^1 sin (7 — 82 ) + sin (7 — 5i)|. (5.16) 

This could easily saturate the experimental bound (even with ^ as small as required by 


( b.l3|) ). In order not to violate the bound, we need 


^1 sin (7 - 5i) + sin (7 - (5i)| < 10 


(5.17) 


The effect of LRS on CP asymmetries in B decays ||204H205|] is very small, because 
LRS contributions to B — B mixing are small in magnitude. The reason for that is as 
follows. One of the enhancement factors for the LRS contribution to K — K mixing is the 
hadronic matrix element. 


{K^\dLSRdRSL\K^) 3 
{K^\{dLl'^SLY\K^) 4 


rriK 


rus + rud 


+ 


6 


7.6. 


(5.18) 


However, as ms ~ Tnh, there is no similar enhancement in the B system. This implies 
that if LRS contributions to K — K mixing are as large as the Standard Model ones, then 
the LRS contributions to B — B mixing are 0(0.1) of the Standard Model ones. 

Finally, we mention that LRS effects on transverse lepton polarization are negligible. 
This is due to the general result that vector interactions alone cannot give any transverse 
lepton polarization ||137|| . Other CP violating observables can be constructed with poten¬ 
tially large effects. For this, an extra independent vector has to be measured. Examples 
are four body semileptonic kaon decay ||138||, and B and D decays into vector mesons where 


the polarization of the vector meson is measured ||144|| . The current bounds on the model 
parameters, however, imply that these asymmetries are small ||144 . 


To summarize: even though all the phases in the LRS model with spontaneously 
broken CP arise from a single phase rj in the VEV ($), it is difficult to relate their values 
unless one makes additional assumptions. Thus, the three bounds that we found, (|5.12|) , 
( b.l5|) and ( b.l7|) , could all be saturated simultaneously [P06|| . However, without (at least 
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mild) fine-tuning, saturation of the s' je bound would imply that the contribution to is 
two orders of magnitude below the present experimental limit. If k'/k < 0.1 and all phases 
are of the same order of magnitude, then the Ek bound is the strongest. If, furthermore, 
k'/k -C ms/rric., then s' je and djv are related |p.93| , |202|| through 


Id^vl = 3.6 X 10 /e\ e 


cm. 


(5.19) 


Finally, no interesting ehects on B — B mixing are expected. 


6. Conclusions 

In this review, we studied various extensions of the Standard Model and presented the 
new CP violating ehects that are most likely to occur in these extensions. When thinking 
of future measurements of CP violating ehects as a tool to discover New Physics, we should 
distinguish between three classes of quantities: 

(i) Observables with small theoretical uncertainties. Here, New Physics ehects can be 
unambiguously observed even if they are comparable in magnitude or somewhat smaller 
than the Standard Model contribution. The observables in this class are mostly manifes¬ 
tations of interference between mixing and decay in neutral meson decays. 

• CP asymmetries in specific H-meson decays such as Bd Bd —> tttt (with 

isospin analysis) and Bg —> '*/’</’■ These asymmetries are sensitive to extensions of the 
quark sector, i.e. extra quarks in vector-like representations or a fourth generation and 
to supersymmetric models where FCNC are suppressed by alignment or by heaviness 
of the first two squark generations. 

• The decay rate nvu. This mode is also sensitive to extensions of the quark 

sector. 

(ii) Observables which are negligibly small (compared to the experimental bound) in 
the Standard Model. New Physics ehects will be signaled if they are much larger than the 
Standard Model contributions. 

• Electric dipole moments. In particular, the electric dipole moments of the neutron 
and the electron are likely to be close to the experimental bound in supersymmetric 
models and in various extensions of the Higgs sector. 
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• Transverse lepton polarization. These qnantities cannot arise from vector interactions 
only and therefore are a sensitive probe of extensions of the scalar sector. 

• CP violation in D — D mixing. These effects will test the alignment mechanism to 
snppress FCNC in snpersymmetry. In addition, they might arise in extensions of the 
qnark sector and of the scalar sector. 

(hi) Observables with large hadronic nncertainties that are not negligibly small in the 
Standard Model. The observables in this class are mostly related to CP violation in decay. 
Beyond their nsefnlness to improve onr nnderstanding of the relevant hadronic aspects, 
they may also exclnde models of New Physics that predict vanishingly small effects. 

• s' je. 

• Most CP asymmetries in charged B decays. 

The coming years hold great promise in clarifying the varions pnzzles of CP violation. 
This may well tnrn to be the leading direction in the search of New Physics. 
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